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Abstract: Two species of ladyfish occur in the Gulf of Mexico (GOM), Elops saurus and Elops smithi, that are morphologically indistinguishable except for vertebral counts but can also be identified by mitochondrial DNA haplotypes. Here we expand on previous work, most of which
has occurred in Florida, and examine the demography, phylogenetics, geographic distribution, and age—structure of ladyfishes in Texas estuaries.
Fishery—independent gill net data demonstrated that ladyfishes increase in abundance from north to south along the Texas coast. The abundance
of ladyfishes also increased in Texas waters from 1982–2021, which coincides with recent trends of warmer winters. Genetic data confirmed that
both E. saurus and E. smithi occur in Texas waters; however, E. smithi was far less common. Contrary to previous research, we observed higher levels of genetic diversity in E. saurus due to larger sample size and thorough sampling of the western portion of its geographic range. Phylogenetic
analysis supported the existence of E. saurus as a distinct species but indicated that E. smithi may be paraphyletic with other species of Elops. Otolith
analysis showed that the ages of E. saurus and E. smithi ranged from 0–3 years. The lack of individuals > age—3 suggests that ladyfishes migrate
to the offshore GOM at age 3 and do not return to coastal areas. This study enhances knowledge of the biology of ladyfishes in inshore waters
of the northwestern GOM. Future management would benefit from expanding this research to the entire geographic range of the genus Elops.
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words: age estimation, genetics, ladyfishes, mitochondrial DNA, phylogenetic analysis

Introduction
Ladyfishes (Elops spp., Elopidae, Elopiformes), also known
as skipjacks and tenpounders, are coastal fishes found throughout warm temperate, subtropical, and tropical oceans. The recent discovery of genetically distinct cryptic species of Elops in
the Western Atlantic (McBride et al. 2010) underscores how
much is unknown about phylogenetic relationships, phylogeography, and population genetic structure of ladyfishes in the
Western Atlantic and elsewhere. The 2 species of Elops that
inhabit the Western Atlantic, the Ladyfish (E. saurus) and Malacho (E. smithi), can be distinguished by vertebral and myomere
counts (Smith 1989, Smith and Crabtree 2002, McBride and
Horodysky 2004, McBride et al. 2010) and mitochondrial DNA
(McBride et al. 2010). Hereafter, we use the term “ladyfishes” to
refer collectively to 2 or more species of Elops and use the scientific name to refer to a specific species of Elops. The detection
of E. smithi seemed to suggest that additional cryptic species of
Elops may exist (McBride et al. 2010, Levesque 2011); however,
there has been no thorough phylogenetic study of Elops as of
yet. Phylogeographic and population genetic studies are limited
to E. saurus and E. smithi from coastal Florida (McBride et al.
2010) and the Tenpounder (E. machnata) from southern India
(Ramanadevi and Thangaraj 2013, 2014).
Ladyfishes are a common component of the ichthyofauna
of Gulf of Mexico (GOM) estuaries (Hoese and Moore 1998,
Levesque 2011). Fisheries—independent resource monitoring
by Texas Parks and Wildlife Department (TPWD) showed that
ladyfishes are the tenth most commonly caught fish in gill nets
(TPWD unpublished); however, substantial knowledge gaps exist in the life history of E. saurus and E. smithi. Both species
inhabit low—salinity areas of rivers and streams as juveniles and

transition to higher salinity areas as they mature (McBride et
al. 2001, Levesque 2010). Spawning areas of E. saurus and E.
smithi remain a mystery, but it is likely that both species spawn
offshore given that Elops leptocephali are most often collected
in offshore waters (Levesque 2011, Adams et al. 2013) and that
Western Atlantic ladyfishes with mature gonads have only
been recorded from offshore (Hildebrand 1963). Most studies of age and growth in ladyfishes have relied on laboratory
rearing (Gehringer 1959), analysis of scales (Carles 1967), or
length frequency distributions (McBride et al. 2001, Levesque
2015). Only a few studies have used otoliths to examine age and
growth in ladyfishes (Palko 1984).
Given uncertainties in the genus’ population structure,
phylogenetics, and the lack of age and growth data, we examined the demography, population genetic structure, and otolith—based age structure of ladyfishes captured in Texas bays.
Specifically, we 1) examined the influence of environmental
variables on the presence of ladyfishes by analyzing spatial and
temporal trends of abundance from 1982–2021 using a long—
term fisheries independent dataset maintained by TPWD, 2)
used mitochondrial DNA sequencing of field specimens to determine the relative abundance of E. saurus and E. smithi, 3)
assessed the phylogenetic position of Texas ladyfishes relative
to other Elops species using field—collected specimens as well as
online sequence data, and 4) examined otolith increment data
to describe the age structure of both ladyfish species along the
Texas coast.
Materials and Methods
Demographic analysis
Temporal trends in the abundance of ladyfishes were evalu46
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ated using a long—term fisheries—independent monitoring tree complexity of 5, learning rate of 0.01, bag fraction of 0.5,
dataset maintained by TPWD as part of its Marine Resource and a Bernoulli error distribution. Tenfold cross—validation of
Monitoring Program (Martinez—Andrade 2015). Gill nets have training data was used to set the optimal number of trees necbeen used to monitor abundance trends of all estuarine—as- essary to minimize deviance and maximize predictive perforsociated finfish species in all of the state’s major bays since the mance to independent test data (n = 15,099). A final simplified
1970s, with the exception of Sabine Lake (sampling began in model was constructed with the lowest contributing variables
1986) and Cedar Lakes (sampling began in 1996). Each bay is excluded. The impact of each variable on the presence/absence
divided into 1—min2 grids aligned with the geographic coordi- of ladyfishes was assessed using partial dependence plots. Parnate system, and grids are sampled with gill nets, bag seines, tial dependence plots were generated by fitting a generalized adand trawls using a stratified random design.
ditive model (GAM) spline to the plots of explanatory variables
Gill nets were deployed in 10 major inshore bays for 10 against fitted values of catch probability from the BRT. The
weeks in spring (April–June) and 10 weeks in fall (Septem- analysis was performed using R v.3.6.1 (R Development Core
ber–November) each year throughout the period 1982–2021. Team 2019) and the gbm package (Greenwall et al. 2020) and
Forty—five nets were deployed in each bay across each 10 week functions from Elith et al. (2008).
season, with 3 exceptions. Twenty nets were deployed in East
We qualitatively examined trends in fall and spring CPUE
Matagorda Bay during each season, except spring seasons of data by plotting the mean annual CPUE against year for the
1982–1984 during which 8 nets were deployed and the fall sea- Texas coast and for each major bay. Lastly, we computed the
sons 1982–1983 in which 10 nets were deployed each season. mean latitude for catches of ladyfishes, and the relationship beTwenty nets were deployed in Cedar Lakes each season from tween mean latitude and year was evaluated using simple linear
1996–1999 and 10 nets each season from 2000–2021. Lastly, regression.
no gill nets were set in any Texas bays during the spring seaSample collection for genetic and age—structure analyses
son of 2020 due to the COVID—19 pandemic. Each gill net
Ladyfishes were collected via bag seines, otter trawls, and gill
extended 182.9 m from shore and consisted of equally sized nets from multiple estuaries in Texas from 2020–2021, during
panels with 4 different mesh sizes (76, 102, 127, and 152 mm). the course of TPWD’s Marine Resource Monitoring Program
Upon retrieval of each net, specimens were enumerated and (Martinez—Andrade 2015). Whole fish were placed in plastic
the total length (TL) of each specimen was measured to the bags, stored on ice, and transported back to the field station
nearest millimeter. Latitude, longitude, and water parameters where the specimens were preserved frozen for genetic and
were recorded for each sampling event (temperature [°C], salini- otolith analysis. The body size of specimens was measured as
ty, dissolved oxygen [DO, mg/L], turbidity [ntu], and depth [0.1 standard length (SL) to the nearest mm.
m]). Catch—per—unit effort (CPUE) was computed as catch/
Genetic analysis
hr—the number of fish caught divided by the number of hours
We extracted genomic DNA from each specimen using
the net was deployed. Inlet distance was calculated in ArcMap about 20 mg of fin clip tissue excised with sterile scissors or
10.8 (ESRI, Redlands, California) as the distance (km) between scalpel. Genomic DNA was isolated from other cellular constitthe centroid of each sample grid to the nearest Gulf pass. Due uents using Gentra Puregene Tissue Kit (Qiagen, Venlo, Nethto the difficulty of distinguishing species morphologically, de- erlands). We used polymerase chain reaction (PCR) to amplify
mographic data were analyzed with both species combined.
approximately 700 base pairs (bp) of the cytochrome b (cytb)
Boosted regression trees (BRTs) were used to examine the gene which was used to assign species identity. We also ampliinfluence of latitude, year, bay, inlet distance, temperature, sa- fied and sequenced (circa 655 bp) an additional mitochondrial
linity, turbidity, DO, depth, and season on the presence/ab- gene, cytochrome oxidase c subunit I (COI). For the COI datasence of ladyfishes. The BRT is an ensemble method for fitting set, we used a subsample (8–12 individuals per estuary) identistatistical models to data that employs 2 algorithms: boosting fied as E. saurus based on cytb haplotypes. We sequenced all
(a machine learning technique that combines simple models individuals identified as E. smithi due to small sample size for
to yield improved performance) and regression trees (models this species. PCR was performed separately for each gene.
that relate dependent variables to their predictors via recursive binary splits; Elith et al. 2008).
TABLE 1. Primers used to amplify and sequence cytochrome b (cytb) and cytochrome
One of the main strengths of BRTs is their abiloxidase subunit I (COI) from specimens of ladyfish (Elops saurus) and malacho (E. smithi).
ity to deal with nonlinear or discontinuous data
Gene Primer
Primer sequence (5′ to 3′)
Source
(Elith et al. 2008), and they have proven useful
name
elucidating patterns in fishery—independent datasets (Froeschke and Froeschke 2011; Montero
cytb
Cyb-09H GTGACTTGAAAAACCACCGTTG
Song et al. (1998)
et al. 2016; Anderson et al. 2017, 2022). Each gill
cytb
Cyb-07L
AATAGGAAGTATCATTCGGGTTTGATG
Taberlet et al. (1992)
net set between the years 1982–2021 representCOI
FishF1
TCAACCAACCACAAAGACATTGGCAC
Ward et al. (2005)
ed a single observation and the overall sample
COI
FishR1
TAGACTTCTGGGTGGCCAAAGAATCA
Ward et al. (2005)
size was 30,198 gill nets (14,894 in spring and
15,304 in fall). The initial model was fit using a
47
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We performed PCR using PuReTaq Ready—To—Go (RTG)
PCR beads (GF Healthcare, Piscataway, NJ). PCR reactions
were conducted in 25 μL reactions, with each reaction consisting of one RTG bead, 10 pmol of each primer (Table 1), 3.0
μL of genomic DNA, and sufficient double—deionized water
to reach the final volume. Cytochrome b was amplified using
the following protocol: initial denaturation at 94.0°C for 3
min; 25 cycles of denaturation at 94.0°C for 30 s, annealing at
52.0°C for 1 min, and extension at 72.0°C for 1 min; and final
extension at 72.0°C for 3 min (McBride et al. 2010). The PCR
protocol for COI consisted of initial denaturation at 95.0°C
for 2 min; 35 cycles of denaturation at 94.0°C for 40 s, annealing at 54.0°C for 45 s, and extension at 72.0°C for 1 min; and
final extension at 72.0°C for 10 min (Ramanadevi and Thangaraj 2013). We used a Techne Prime (Techne, Cambridge, UK)
thermal cycler for all PCR amplifications of cytochrome b and
COI.
PCR products were purified by an enzymatic method (ExoSAP—IT; Thermo Fisher Scientific, Waltham, MA). Primers
used for sequencing were identical to those used in PCR. Sequencing reactions for cytb and COI were carried out in 20 μL
volumes using the BigDye Termination v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific) using the following protocol:
initial denaturation at 96.0°C for 1 min followed by 25 cycles
of denaturation at 96.0°C for 10 s, annealing at 50.0°C for 5 s,
and extension at 60.0°C for 4 min.
Sequencing reactions were performed using either ABI Veriti (Thermo Fisher Scientific) or TC—512 (Techne) thermal cyclers. Sequencing reactions were precipitated using a solution
containing 2.5 μL each of sodium acetate (3 M) and EDTA
(100 mM), followed by 100 μL of 100% ethanol. Precipitated
sequence extracts were centrifuged at 3,700 RPM for 45 min
at 4.0°C. The resulting pellets were washed with 100 μL of
70% ethanol and centrifuged for 30 min at 4.0°C, dried in a
vacuum centrifuge for 1 h at 45.0°C, and then rehydrated using Hi—Di formamide (Thermo Fisher Scientific). Rehydrated
DNA was loaded on an ABI 3500 Genetic Analyzer (Thermo
Fisher Scientific) for separation and detection. We visually inspected electropherograms of each sequence and aligned forward and reverse sequences of each gene and each sample in
the computer program Sequencher, version 4.9 (Gene Codes,
Ann Arbor, MI).
Cytochrome b and COI sequences were aligned using the
computer program Clustal X (Larkin et al. 2007). Cytochrome
b sequences were trimmed to the same length (470 bp) as the
haplotypes obtained by McBride et al. (2010), and the COI
sequences were trimmed to the length of the shortest sequence
in that dataset. We determined the number of haplotypes in
the cytb and COI datasets using DnaSP (Rozas et al. 2017). We
investigated the evolutionary relationships among the cytb haplotypes identified by McBride et al. (2010, GenBank accession
numbers GQ183881–GQ183894) and this study by constructing a median—joining network (Bandelt et al. 1999) using the
computer program PopArt, version 1.7 (Leigh and Bryant
2015). The species identity of Elops specimens was determined
by the position of each haplotype within the cytb haplotype

network relative to those haplotypes detected by McBride et al.
(2010). We assessed the extent of sequence divergence between
E. saurus and E. smithi cytb haplogroups by computing the proportion of pairwise nucleotide differences (p distance, Nei and
Kumar 2000) using the computer program MEGA7 (Kumar et
al. 2016). Standard error of sequence divergence was estimated
with 1,000 bootstrap replicates. We conducted identical analyses for the COI sequences.
To further assess the evolutionary relationships between
E. saurus and E. smithi, we performed maximum likelihood
phylogenetic analyses in MEGA7 using the haplotypes from
both datasets and cytb and COI sequences of Elops spp. from
previous studies available in GenBank. There were more COI
sequences of Elops spp. available in GenBank relative to cytb
sequences. Phylogenetic analysis allowed us to evaluate the genetic relationships of GenBank COI sequences of ladyfishes
identified as either Elops saurus or Elops sp. Kimura’s (1980)
2—parameter model with a gamma distribution (K2+Γ) was selected as the most appropriate model of molecular evolution
for both genes based on the output from the model selection
tool implemented in MEGA7. The reliability of inferred relationships for both phylogenetic analyses was assessed by 1,000
bootstrap replicates (Felsenstein 1985). A single whole mitochondrial genome sequence of the Atlantic Tarpon (Megalops
atlanticus, GenBank accession number AP004808) was used to
root both phylogenies.
Age structure
Sagittal otoliths were extracted from a subset of genetically—identified individuals. Whole otoliths were cleaned of residual tissue with dionized water and a paintbrush, air—dried,
embedded in molding trays with a 2:1 mix of epoxy resin and
hardener, respectively, and oven—dried at 37℃. Otoliths were
transversely sectioned with a saw (Struers Accutom—5™, 4"
in blade diameter) at 3,000 rpms where 3—4 serial sections (1
mm thick) were obtained, ensuring that a section contained
the otolith core. Otolith sections were mounted to microscope
slides with thermoplastic Crystalbond™. Calibrated images of
otolith sections were taken with immersion oil and unpolarized transmitted light at 5x magnification using a camera—
mounted Nikon Eclipse LV100ND compound microscope and
NIS—Elements D imaging software.
Two readers estimated age—at—capture as the number of
presumed annuli along the edge of the sulcus from the core
area to edge (VanderKooy et al. 2020). Both readers re—aged
the otoliths on separate occasions blind to specimen information, and the average percent error (APE) was used as a measure of within—reader precision between the 2 age estimates
(Campana 2001) where individuals with APE ≤ 5% (J. Carroll,
pers. comm., Florida Fish and Wildlife Conservation Commission, St. Petersburg, FL, USA) were retained for analyses. The
final age estimate or consensus age for each individual was determined as the age estimate that both readers independently
agreed upon serving as a criterion for among—reader precision
(Oele et al. 2015). Further, precision among readers was quantified as the percentage of aged individuals with a consensus
age (Oele et al. 2015). A Welch’s independent t—test was used
48
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FIGURE 1. Fitted values of probability of occurrence based on boosted regression tree (BRT) analysis of ladyfishes (Elops spp.) in fishery-independent
gill nets (1982–2021). Gray circles are fitted values and black splines were fit to the data using generalized additive modeling. Dotted lines represent
95% confidence intervals. The percentage of deviance explained by each independent variable is given in parentheses.

to test for a significant difference in APE among readers. We
used an Evans—Hoenig symmetry test to assess bias within
and among reader age estimates (McBride 2015, Nesslage et al.
2022). We used a t—test to test for a significant difference in
mean SL among species.
Each E. saurus and E. smithi individual was assigned to a 25
mm SL class. We created an age—length key with the aged subset of E. saurus and E. smithi individuals that met the criteria for
within— and among—reader precision in age estimates and calculated the proportion of individuals within each SL and age
class combination (Ogle 2016). These probabilities were used to
randomly assign ages to unaged E. saurus and E. smithi individuals (Isermann and Knight 2005) within SL classes. All statistical analyses, graphics, calculations, and age assignment were
performed in R v.3.6.1 with the following packages: ggplot2
(Wickham 2016), dplyr (Wickham et al. 2020), tidyr (Wickham
2020), and FSA (Ogle et al. 2020).

variance, and presence of ladyfishes was positively correlated
with all 3 variables. Other variables (bay, inlet distance, turbid-

Results
Demographic analysis
Over the 39—year sampling time series, we observed a total
of 51,526 ladyfishes (both species combined). At least one individual was present in 11,520 of 30,198 gill nets deployed (38%
catch rate). Boosted regression trees showed that latitude, year,
temperature, and salinity explained 83% of the variance of presence/absence of ladyfishes in gill nets. Latitude explained the
greatest amount of variance (38%) of presence/absence in gill
nets, and the probability of ladyfishes being present in a gill net
declined with increasing latitude (Figure 1). Year, temperature,
and salinity explained 20%, 16%, and 10%, respectively, of the

FIGURE 2. Distribution of mean (± se) seasonal CPUE (catch/hr) of ladyfishes (Elops spp.) captured in fishery-independent gill net samples deployed across the Texas coast, 1982–2021.
49
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latitude = 0.0118year + 4.1115
r 2 = 0.7774

FIGURE 3. Latitude of the ladyfishes (Elops spp.) catches (both species
combined) in fishery-independent
gill nets deployed on the Texas
coast, 1982–2021. Gray-filled circles represent point means of each
year, the dashed line is a trend line
(linear regression) fit to the data,
and regression parameters and fit
are reported in the upper left corner.

ity, DO, depth, and season) examined in the initial model accounted for < 10% of the variance. Mean CPUE of ladyfishes
began an increasing trend in the spring and fall on the Texas
coast after 2003 (Figure 2). Similar trends in spring and fall
CPUE were observed in each major estuary except for Sabine
Lake (Supplemental Figures S1 and S2). Year was positively correlated with mean latitude of ladyfish catches (r2 = 0.78, p <
0.0001), with mean latitude increasing by 0.01 degrees per year
(Figure 3).
Genetic analysis
We obtained cytb sequences for 354 individuals, among
which we detected 48 haplotypes. The cytb haplotypes resolved into two haplogroups separated by 4–5 inferred missing
haplotypes (Figure 4A). Most of the cytb sequences (n = 322,
91%) were identical to haplotype A or 32 new haplotypes closely related to it, and thus were identified as Elops saurus. Fifteen
haplotypes were detected among the remaining 32 sequences.
These were either identical to one of the E. smithi haplotypes
(D, E, G, H, I, J, or N, Figure 4A) or closely related to them,
and these individuals were identified as E. smithi. Haplotypes
B, C, F, K, L, and M were not observed in our dataset. The
most common (n ≥ 100) haplotypes were the E. saurus haplotypes A and Hap15, whereas all of the other haplotypes were
less common (n = 1–22). Despite its rarity, E. smithi was detected in every bay (1–6 individuals per bay, Figure 5). The uncorrected p distance (± se) between the E. saurus and E. smithi
haplogroups was 1.9% ± 0.5%.
We obtained 128 sequences of COI (541 bp), which represented 7 E. saurus and 10 E. smithi haplotypes (Figure 4B).
The COI haplotype network resembled the one based on cytb.
However, the 2 species were separated by 11 inferred missing
haplotypes in the COI network versus 4–5 inferred missing
haplotypes in the cytb haplotype network. There did not appear to be any geographic pattern to the distribution of haplotypes of either species among Texas estuaries. Sequence divergence based on COI was also larger among the 2 species
(p distance = 2.9% ± 0.6% se). Haplotype sequences of cytb

and COI were deposited in GenBank as accession numbers
OM161024—OM161063 and OM128141—OM128157, respectively.
Phylogenetic analysis of cytb sequences revealed that E. saurus haplotypes were part of a monophyletic, albeit weakly supported, clade (bootstrap = 54%, Figure 6). The E. smithi haplotypes clustered with sequences of the Hawaiian Ladyfish (E.
hawaiensis) and a cytb sequence from a whole mitochondrial
genome labeled as E. saurus (accession number AP004807) as
part of a poorly supported clade (bootstrap < 50%). In contrast, maximum likelihood analysis of COI sequences yielded
a strongly supported clade (bootstrap = 92%) consisting of E.
saurus haplotypes and several GenBank sequences identified
as either E. saurus (n = 7) or Elops sp. (n = 2) that were collected from the Atlantic and Gulf Coasts of the United States
or Mexico (Figure 7). The E. smithi COI haplotypes were recovered as part of a large clade with moderate bootstrap support
(77%) that also included E. hawaiensis and E. machanata and sequences of ladyfishes originally identified as either E. smithi (n
= 1), E. saurus (n = 8), or Elops sp. (n = 6) collected from coastal
waters of Mexico, Belize, and Brazil (Figure 7). Although bootstrap support was weak overall, phylogenetic analyses of both
datasets suggests that 1) the Pacific ladyfish (E. affinis) is the
most basal lineage within Elops, and 2) E. saurus is a sister lineage to one formed by E. hawaiensis, E. machnata, and E. smithi.
Age structure
Individuals that were field—sampled for genetics and otolith
analysis had an SL at capture that ranged from 91–540 mm
with a mean (± sd) of 313 ± 135 mm for E. saurus (n = 321), and
from 41–531 mm with a mean of 304 ± 148 mm for E. smithi
(n = 32). A Welch’s independent t—test showed no significant
differences in mean SL between species (t = 0.303, df = 36.385,
p > 0.05). We performed microscopic examination of otolith
annuli in 65% of E. saurus (n = 210) and 97% of E. smithi (n =
31). Of those specimens, 92% of E. saurus (n = 193) and 94%
of E. smithi (n = 29) individuals had age estimates with APE
≤ 5% within readers. A Welch’s independent t—test showed
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FIGURE 4. Haplotype networks of Elops saurus and E. smithi.
A. Cytochrome b (cytb). B. Cytochrome oxidase c subunit I
(COI). Each colored circle represents a unique haplotype,
and boldface letters (A, Hap40, E01, etc.) designates individual haplotypes, with the number of individuals (if n > 1) possessing that haplotype in parentheses below the letter. Each
line connecting a circle represents a single base substitution
and solid black circles represent inferred missing haplotypes.
Italicized letters followed by an asterisk (*) represent cytb
haplotypes observed by McBride et al. (2010) that were not
detected along the Texas coast.

1 (more experienced; Χ 2 = 0.5, df = 1, p > 1; Table
2A). However, the same test showed systematic bias
in age estimates within reader 2 (Χ 2 = 10.3, df = 2,
p < 0.01; Table 2B) and among readers for read 1
(Χ 2 = 6.5, df = 2, p < 0.05, Table 2C) and read 2 (Χ 2
= 17.9, df = 2, p < 0.001; Table 2D). This highlights
the importance of using precision criteria as quality
assurance and control measures to decrease uncertainty in age estimates.
Using the probability—based age—length key, we
assigned ages to 112 unaged individuals (111 E. saurus and 1 E. smithi). As a result, 285 E. saurus and 25
E. smithi individuals had an estimated age at capture
ranging from 0–3 years. Many E. saurus (n = 149,
52%) and most E. smithi (n = 18, 72%) individuals
were young—of—the—year (age 0), and age 2 was the
second most frequently captured age class for both
species (Table 3). Qualitatively, a similar range of
age classes was observed in both species. Growth
in both species appeared to be fastest between ages 0 and 1
and slowed considerably between ages 1 and 3 (Supplemental
Figure S3). Although growth appeared to be approaching asymptotic size in age 3 individuals, we could not reliably assess
growth with standard growth models due to a lack of individuals > age 3 in our sample.

no significant difference in APE among readers (t = —1.536, df
= 401.5, p > 0.05). Most of the individuals of E. saurus (90%,
n = 174) and E. smithi (83%, n = 24) with an APE ≤ 5% also
had a consensus age estimate, indicating high precision and
agreement in age estimates among readers. An Evans—Hoenig
test showed no systematic bias in age estimates within reader

Discussion
Demographic analysis
The abundance of ladyfishes increased from
north to south along the Texas coast, which corresponds to the southward cline of increasing temperature and salinity. The increase in mean temperature is driven by a natural climatic cline, whereas
the higher salinity of southern bays is due to decreased rainfall and lower freshwater inflows (Tolan
2007). Abundance was generally highest in Corpus
Christi Bay and the Lower Laguna Madre, which
FIGURE 5. Map showing the geographic distribution of
Elops saurus and E. smithi on the Texas coast, based on specimens sequenced for mitochondrial cytochrome b. Pie charts
represent the proportions of E. saurus and E. smithi in samples
taken from each major Texas estuary in 2020 and 2021.
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are two of the warmest and most saline estuaries on the Texas
coast. Greater abundance of ladyfishes in southern Texas bays
is similar to coastal abundance trends of other marine species with tropical affinities, such as Gray Snapper (Lutjanus griseus; Tolan and Fisher 2008, Anderson et al. 2022), Common
Snook (Centropomus undecimalis) and Large—Scale Fat Snook
(C. mexicanus; Anderson et al. 2019).
Ladyfishes also exhibited a sharp increase in overall abundance from 1982–2021 as well as becoming more common
on the upper coast of Texas, which may be partly driven by
climatic fluctuations. Tolan and Fisher (2008) argued that the
increase in Gray Snapper abundance on the Texas coast was
due to warmer winters, which allowed more larvae and juveniles to survive each year. Similarly, Hare and Able (2007)
proposed that warmer water temperatures in the winter had
allowed Atlantic Croaker (Micropogonias undulatus) to expand
northward along the eastern coast of the United States. Milder
winters are also partly responsible for the greater abundance
of tropical species in Texas bays, resulting in increasing biodiversity of fish communities during the past 33 years (Pawluk
et al. 2021). This trend has been observed in co—distributed
subtropical and tropical estuarine and marine taxa (Tolan
and Fisher 2008, Armitage et al. 2015, Anderson et al.
2019, 2022, Purtlebaugh et al. 2020), and reflects ongoing
tropicalization of the northern GOM and other temperate regions caused by increasingly warmer climate and
milder winters (Sagarin et al. 1999, Fodrie et al. 2010,
Horta e Costa et al. 2014, Heck et al. 2015, Fujiwara
et al. 2019).
Genetic analysis
The results of our genetic analysis based on cytb
were broadly similar in pattern to McBride et al.
(2010) but also harbored notable differences. We
observed more haplotypes in E. saurus than McBride et al. (2010), which was likely due to our
larger sample size (n = 356 versus n = 56) and
sampling in the western portion of the species’
geographic range. McBride et al. (2010) suggested that the decreasing population size and
geographic distribution from Pleistocene glacial cycles resulted in low genetic diversity of
E. saurus, which was partially supported by
the star—shaped haplotype networks (i.e.,
star phylogenies) among E. saurus cytb and
COI haplotypes. Star phylogenies are often indicative of species that have un-

FIGURE 6. Maximum likelihood phylogenetic tree of Elops taxa inferred from
mitochondrial cytochrome b sequences.
Values on branches are bootstrap values (if ≥ 50%). Sequences obtained from
GenBank are indicated by accessions
numbers and locality information was included in labels if known.
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FIGURE 7. Maximum likelihood phylogenetic tree of Elops taxa inferred from 470 bp of mitochondrial COI sequences. Values on branches are bootstrap values (if ≥ 50%). Sequences obtained from GenBank are indicated by accessions numbers and locality information was included in labels if known.

dergone rapid demographic expansion after a previous decline
(Slatkin and Hudson 1991). If ladyfishes in the GOM underwent a demographic decline in the past, the most likely causes
were the climatic and sea level fluctuations of the Pleistocene.
The global mean temperature was 6°C cooler than today during
the Last Glacial Maximum of the Pleistocene (26,500–19,000,
Tierney et al. 2020) and mean sea surface temperatures in the
GOM were 1°–2°C cooler in winter and 1°C cooler in summer
(Brunner 1982). It is likely that much of the GOM and western
Atlantic was too cold for many warm—temperate or tropical
species. Pleistocene sea level fluctuations appear to be linked to
population bottlenecks of many marine taxa (Ludt and Rocha
2015). Sea level of the GOM was 120 m lower than today at the
peak of the Last Glacial Maximum (Donoghue 2011), which
may have reduced important nursery habitats for estuarine—dependent marine organisms. The overall warmer climate and rising sea levels of the Holocene (11,650 years ago–present) would
have likely promoted the demographic and range expansion of
ladyfishes. Post—Pleistocene expansions have been inferred for

several co—distributed species (Pruett et al. 2005, Mobley et al.
2010, Drum and Kreiser 2012, Escatel—Luna et al. 2015, Williford et al. 2021).
The results of our genetic analysis support earlier morphological studies suggesting that E. smithi is rare in the western
GOM (McBride and Horodysky 2004, McBride et al. 2010).
The relative rarity of E. smithi in our samples compared to
those from Florida is probably due to the fact that Texas is
farther from the Caribbean Sea where spawning likely occurs
(McBride and Horodoysky 2004, McBride et al. 2010). Despite
its rarity, we detected additional E. smithi cytb haplotypes in the
western GOM. The absence of previously reported cytb haplotypes for E. smithi (C, F, L, and M) and E. saurus (B) was probably due to the overall rarity of these haplotypes. Among the
56 Florida ladyfishes used for genetic analysis, McBride et al.
(2010) detected these haplotypes in ≤ 2 individuals.
Comparison of our results to those of McBride et al. (2010)
suggests that genetic diversity of E. saurus is lower in Florida
than in Texas. Apparent lower genetic diversity of Florida E.
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The commonality
between our results
saurus may be an artifact of smaller sample size used by Mc- and Ramanadevi and Thangaraj (2013), in contrast to those obBride et al (2010). Another possible cause is that the eastern tained by Obermiller and Pfeiler (2003), may be due the genetic
GOM and the western Atlantic represent areas that have been markers used (cytb and COI versus 12S and 16S ribosomal
more recently colonized by E. saurus. Genetic diversity of a spe- RNA) and different numerical species representation (multiple
cies usually decreases from the center of the range towards the individuals of several species versus single individuals).
Among ladyfishes in the western Atlantic, Elops smithi is the
margins (Austerlitz et al. 1997, Eckert et al. 2008); under this
hypothesis, post—Pleistocene expansion of ladyfishes may have “low—count” species and is characterized by smaller number of
occurred in the western GOM first, followed by the eastern myomeres (74–78 total) and vertebrae (73–80, usually 75–78)
GOM and western Atlantic. Finally, the lack of additional cytb compared to E. saurus, the “high—count” species (79–86 total
haplotypes in Florida may be due to population structure that myomeres and 79–87 vertebrae but usually 81–85; Smith 1989,
coincides with an east—west suture zone in the GOM, which Smith and Crabtree 2002, McBride and Horodysky 2004, Mchas been observed in several co—distributed marine species Bride et al. 2010). However, E. saurus and E. smithi occasion(Portnoy and Gold 2012 and references therein, Viricel and ally overlap in vertebral counts (79–80), which could lead to
mistakes in identification. It is possible that GenBank COI
Rosel 2014, Seyoum et al. 2017, 2018, Portnoy et al. 2021).
The interpretation of the results from our phylogenetic sequences labeled E. saurus in Ramanadevi and Thangaraj’s
analyses is difficult due to the lack of foundational studies of (2013) second clade, which we used in our analysis as well, were
the Elops genus. Previous phylogenetic studies of elopomorph misidentified E. smithi. Although E. smithi was not named until
fishes that used more than one species of Elops are limited to 2010, most of the GenBank COI sequences of Elops spp. from
Obermiller and Pfeiler (2003) and Ramanadevi and Thangaraj the western Atlantic were from specimens collected after Smith
(2013). Obermiller and Pfeiler (2003) examined the relation- (1989) reported the existence of a possible second species in the
ships between 4 species of Elops, including one referred to as
TABLE 3. Count (n) and frequency (%) of genetically-identified Elops
Elops sp. (Elops smithi was referred to as Elops sp. prior to being
saurus and E. smithi from the Texas coast within age classes 0–3. Age
officially named in 2010.) Obermiller and Pfeiler (2003) recovestimates were either otolith-based or assigned using an age-length
ered a clade of Atlantic species, E. saurus and E. smithi, and a
key.
sister clade composed of 2 Pacific species, E. hawaiensis and E.
Taxa
Age class (yr)
n
%
affinis. In contrast, our results suggest that E. affinis and E. sauE. saurus
0
149
52.0%
rus are more closely related, and E. smithi is more closely related
to E. hawaiensis.
1
46
16.0%
Ramanadevi and Thangaraj (2013) conducted phylogenetic
2
86
30.0%
analysis on several mitochondrial genes of ladyfishes, which
3
4
1.4%
were largely congruent with our results. Analysis of a small set of
E. smithi
0
18
72.0%
cytb sequences by Ramanadevi and Thangaraj (2013) revealed
1
1
4.0%
that E. smithi and E. hawaiensis were more closely related to one
2
5
20.0%
another than either was to E. affinis. Ramanadevi and Thanga3
1
4.0%
raj’s (2013) evaluation of a dataset of Elops COI sequences yielded results similar to ours. They recovered 2 clades of ladyfishes
TABLE 2. Reader agreement on otolith-based age-frequency age estimates of ladyfishes (Elops saurus and E. smithi)
from the Texas coast. A. Within reader 1. B. Within reader 2. C. Read 1 age estimates between readers. D. Read 2
age estimates between readers.
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A

B
FIGURE 8. Frequency distribution of
standard length (SL) at capture along
the Texas coast for 2 species of Elops.
A. E. saurus (n = 321). B. E. smithi (n
= 32). Lighter-shaded regions: subset
of aged E. saurus (n = 174) and E.
smithi (n = 24) that met the criteria for
within- and among-reader precision in
otolith-based age estimates. Darkershaded regions: total number of fishes
captured. Binwidth (width of the bars
in the histogram) is 20 mm for E. saurus and 50 mm for E. smithi.

western Atlantic. GenBank entries and published studies (Valdez—Moreno et al. 2010, April et al. 2011, de Oliveira Ribeiro
et al. 2012, Weigt et al. 2012, Guimarães—Costa et al. 2019)
associated with the sequences did not specify whether vertebral
or myomere counts had been used to identify specimens of ladyfishes.
Mismatches between genetic and morphological identification are often caused by incomplete lineage sorting (Funk and
Omland 2003), where closely related species continue to share
mitochondrial haplotypes after reproductive isolation has been
achieved. Incomplete lineage sorting may partially explain our
results and those of Ramanadevi and Thangaraj (2013) and
Obermiller and Pfeiler (2003). Incomplete lineage sorting may
also account for discordance between morphological and genetic identification, which occurred in 7 (13%) of the specimens
examined by McBride et al. (2010). Occasional hybridization
between E. saurus and E. smithi may also be a source of discordance between morphological and genetic identifications.
However, incomplete lineage sorting and hybridization does
not explain the close relationship of E. smithi, E. machnata, and
E. hawaiensis. These 3 species may represent a polymorphic,
pantropical species, whereas E. saurus and E. affinis represent
species adapted to subtropical and warm—temperate climates.
The present study and previous work (Obermiller and Pfeiler
2003, Ramanadevi and Thangaraj 2013) were hampered by the
reliance on one or 2 mitochondrial genes and limited taxon
sampling. Single gene trees are often insufficient for determining species limits and reconstructing evolutionary relationships
within a genus due to past interspecific hybridization, gene duplication resulting in nuclear pseudogenes, and incomplete lineage sorting in the mitochondrial genome (Degnan 1993, Funk
and Omland 2003, Waters et al. 2010). Inference of evolutionary relationships among ladyfishes has also been hampered by
the fact that no phylogenetic study to date has included the
West African Ladyfish (E. lacerta) and the Senegalese Ladyfish

(E. senegalensis) and by prior limited geographic sampling of other species. Dense taxon and geographic sampling, especially in
areas of sympatry, generally produce more robust phylogenetic
trees, increasing the chances of detecting cryptic species, and
are more useful for species delimitation (Omland et al. 1999,
Avendaño et al 2017, Cicero et al. 2021). We concur with McBride et al. (2010) and Levesque (2011) that the genus Elops
is a prime candidate for a rigorous phylogenetic analysis and
possibly taxonomic revision. A future multilocus phylogenetic
analysis of Elops would benefit from an extensive geographic
sampling of all putative species of ladyfishes, especially in areas of sympatry, and incorporate morphological data into the
analysis, providing an ideal basis for a thorough taxonomic review of Elops.
Age structure
Our age data indicate that ladyfish found in Texas use estuarine habitats during ages 0–3. The finding of no individuals > age 3 suggested that older individuals are either very rare
or rarely found inshore. To attempt to understand the lack of
older individuals in our current study, we also examined data
from historical angler surveys conducted by TPWD to assess
the size distribution of ladyfish landed during inshore versus
offshore angling trips; no significant differences were detected.
Similarly, length—frequencies of ladyfish found in Florida estuaries indicate that at least 3 age classes are present throughout
the year and few individuals are older than 2–3 years (McBride
et al. 2001).
The increased representation of age 0 and 2 ladyfish in our
study is likely due to gear bias, with smaller age 1 fish falling
within the size gap (120–250 mm) between the bag seine and
gill net gears employed by TPWD; thus age 1 fish are probably
underrepresented in our data set. Support for this hypothesis
comes from the bimodal nature of ladyfish sizes in gill nets in
the fall but not the spring, which might be simply driven by expected growth into the gill net gear size of age 1 individuals be55
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tween the months of June and September and increasing catch
efficiency of gill nets with increasing length (Levesque 2013).
The age structure observed in our data suggests that maximum age of ladyfish in Texas’s estuarine habitats is likely to be
3 years. This is consistent with previously observed ages of ladyfishes in Florida estuaries, indicating that inshore populations
of ladyfishes are primarily composed of immature individuals
with maturity likely occurring after emigration to offshore hab-

itats (McBride et al. 2001). Our data circumstantially support
the hypothesis of emigration to offshore habitats around age 3,
and the older fish noted in previous studies (Hildebrand 1963),
Palko 1984) likely occur in offshore habitats in Texas. The biology of larger, mature ladyfishes in offshore habitats in Texas
and throughout the range of the species represent an important
knowledge gap that could be addressed with further studies.

Acknowledgments
We would like to thank the field staff of Texas Parks and Wildlife Department’s (TPWD) Coastal Fisheries Division for
their assistance in the collection of specimens. Zach Olsen (TPWD) provided supplementary code for enhancing BRT
graphics. TPWD Coastal Fisheries science director M. Fisher coordinated internal review of this manuscript before submission. Richard McBride of NOAA Fisheries and one anonymous reviewer provided helpful reviews of this manuscript.
This research was partly funded via a grant from the Sportfish Restoration program administered through the United
States Fish and Wildlife Service.
Literature Cited
Adams, A.J., A.Z. Horodysky, R.S. McBride, K. Guindon, J.
Shenker, T.C. MacDonald, H.D. Harwell, R. Ward, and K.
Carpenter. 2013. Global conservation and research needs
for tarpons (Megalopidae), ladyfishes (Elopidae) and bonefishes (Albulidae). Fish and Fisheries 15:280–311. https://doi.
org/10.1111/faf.12017

Avendaño, J.E., E. Arbeláez—Cortéz, and C.D. Cadena. 2017.
On the importance of geographic and taxonomic sampling
in phylogeography: A reevaluation of diversification and
species limits in a Neotropical thrush (Aves, Turdidae). Molecular Phylogenetics and Evolution 111:87–97. https://doi.
org/10.1016/j.ympev.2017.03.020

Anderson, J., Z. Olsen, T. Wagner, G. Sutton, C. Gelpi, and D.
Topping. 2017. Environmental drivers of the spatial and temporal distribution of spawning blue crabs Callinectes sapidus
in the western Gulf of Mexico. North American Journal of
Fisheries Management 37:920–934. https://doi.org/10.1080/
02755947.2017.1335255

Bandelt, H., P. Forster, and A. Röhl. 1999. Median—joining networks for inferring intraspecific phylogenies. Molecular Biology and Evolution 16:37–48. https://doi.org/10.1093/oxfordjournals.molbev.a026036
Brunner, C.A. 1982. Paleoceanography of surface waters in
the Gulf of Mexico during the late Quaternary. Quaternary Research 17:105–119. https://doi.org/10.1016/0033—
5894(82)90048—5

Anderson, J., D. Williford, A. González, C. Chapa, F. Martinez—
Andrade, and R.D. Overath. 2019. Demographic, taxonomic,
and genetic characterization of the snook species complex
(Centropomus spp.) along the leading edge of its range in the
northern Gulf of Mexico. North American Journal of Fisheries Management 40:190–208. https://doi.org/10.1002/
nafm.10394

Campana, S.E. 2001. Accuracy, precision, and quality control in
age determination, including a review of the use and abuse of
age validation methods. Journal of Fish Biology 59:197–242.
https://doi.org/10.1111/j.1095—8649.2001.tb00127.x
Carles, C.A. 1967. Data sobre la biologia del banana Elops sarus
Linnaeus (Teleostomi: Elopidae). Instituto Nacional de Pesca
Cuba Contribución 27:1–53.

Anderson, J.D., D. McDonald, E. Getz, R. Weixelman, F. Grubbs,
and J. Ferguson. 2022. Distribution, maturity, age, and
growth of Gray Snapper (Lutjanus griseus) in the northwestern Gulf of Mexico. Gulf and Caribbean Research 33:14–27.
https://doi.org/10.18785/gcr.3301.02

Cicero, C., N.A. Manson, R.A. Jiménez, D.R. Wait, C.Y. Wang—
Claypool, and R.C.K. Bowie. 2021. Integrative taxonomy and
geographic sampling underlie successful species delimitation.
Ornithology 138:1–15. https://doi.org/10.1093/ornithology/
ukab009

April, J., R.L. Mayden, R.H. Hanner, and L. Bernatchez. 2011.
Genetic calibration of species diversity among North America’s freshwater fishes. Proceedings of the National Academy of Science 108:10602–10607. https://doi.org/10.1073/
pnas.1016437108

Degnan, S.M. 1993. The perils of single gene trees—mitochondrial versus single—gene copy nuclear DNA variation in white—
eyes (Aves: Zosteropidae). Molecular Ecology 2:219–225.
https://doi.org/10.1111/j.1365—294X.1993.tb00011.x

Armitage, A.R., W.E. Highfield, S.D. Brody, and P. Louchouarn.
2015. The contribution of mangrove expansion to salt marsh
loss of the Texas Gulf Coast. PLoS ONE 10:e0125404.
https://doi.org/10.1371/journal.pone.0125404

de Oliveira, A., R.A. Caires, T.C. Mariguela, L.H.G. Pereira,
R. Hanner, and C. Oliveira. 2012. DNA barcodes identify
marine fishes of São Paulo state, Brazil. Molecular Ecology Resources 12:1012–1020. https://doi.org/10.1111/1755—
0998.12007

Austerlitz, F., B. Jung—Muller, B. Godelle, and P.—H. Gouyon.
1997. Evolution of coalescence times, genetic diversity and
structure during colonization. Theoretical Population Biology 51:148–164. https://doi.org/10.1006/tpbi.1997.1302

Donoghue, J.F. 2011. Sea level history of the northern Gulf of
56

Williford et al.

Mexico coast and sea level rise scenarios for the near future.
Climate Change 107:17–13. https://doi.org/10.1007/s10584—
011—0077—x

fauna of the Parnaíba Delta using DNA barcoding. Scientific
Reports 9:7530. https://www.nature.com/articles/s41598—
019—43930—z

Drum, D.T. and B. Kreiser. 2012. Population genetic structure
and phylogeography of Meskalliapseudes macsweenyi (Crustacea: Tanaidacea) in the northwestern Gulf of Mexico. Journal of Experimental Marine Biology and Ecology 412:58–65.
https://doi.org/10.1016/j.jembe.2011.10.023

Hare, J.A. and K.W. Able. 2007. Mechanistic links between climate and fisheries along the east coast of the United States:
Explaining population outbursts of Atlantic croaker (Micropogonias undualtus). Fisheries Oceanography 16:31–45. https://
doi.org/10.1111/j.1365—2419.2006.00407.x

Eckert, C.G., K.E. Samis, and C. Lougheed. 2008. Genetic variation across species’ geographical ranges: The central—marginal hypothesis and beyond. Molecular Ecology 17:1170–1188.
https://doi.org/10.1111/j.1365—294X.2007.03659.x

Heck, K.L., Jr., F.J. Fodrie, S. Madsen, C.J. Baillie, and D.A. Byron. 2015. Seagrass consumption by native and a tropically associated fish species: Potential impacts of the tropicalization
of the northern Gulf of Mexico. Marine Ecology Progress Series 520:165–173. https://doi.org/10.3354.meps11104

Elith, J., J.R. Leathwick, and T. Hastie. 2008. A working guide to
boosted regression trees. Journal of Animal Ecology 77:802–
813. https://doi.org/10.1111/j.1365—2656.2008.01390.x

Hildebrand, S.F. 1963. Family Elopidae. Fishes of the Western
North Atlantic. Memoirs: Sears Foundation for Marine Research 3:111–131.

Escatel—Luna, E., D.H. Adams, M. Uribe—Alcocer, V. Islas—
Villanueva, and P. Diasz—Jaimes. 2015. Population genetic
structure of the bonnethead shark, Sphyrna tiburo, from the
western North Atlantic Ocean based on mtDNA sequences.
Journal of Heredity 106:355–365. https://doi.org/10.1093/
jhered/esv030

Hoese, H.D. and R.H. Moore. 1998. Fishes of the Gulf of Mexico: Texas, Louisiana, and Adjacent Waters. 2nd edition. Texas
A&M University Press, College Station, TX, USA. 422 p.
Horta e Costa, B., J. Assis, G. Franco, K. Erzini, M. Henriques,
E.J. Gonçalves, and J.E. Caselle. 2014. Tropicalization of fish
assemblages in temperate biogeographic transition zones.
Marine Ecology Progress Series 504:241–251. https://doi.
org/10.3354/meps10749

Felsenstein, J. 1985. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 39:783–791. https://
doi.org/10.1111/j.1558—5646.1985.tb00420.x
Fodrie, F.J., K.L. Heck, Jr., S.P. Powers, W.M. Graham, and K.L.
Robinson. 2010. Climate—related, decadal—scale assemblage
changes of seagrass—associated fishes in the northern Gulf
of Mexico. Global Change Biology 16:48–59. https://doi.
org/10.1111/j.1365—2486.2009.01889.x

Isermann, D.A. and C.T. Knight. 2005. A computer program
for age–length keys incorporating age assignment to individual fish. North American Journal of Fisheries Management
25:1153–1160. https://doi.org/10.1577/M04—130.1
Kimura, M. 1980. A simple method for estimating evolutionary
rate of base substitutions through comparative studies of
nucleotide sequences. Journal of Molecular Evolution 16:111–
120. https://doi.org/10.1007/bf01731581

Froeschke, J.T. and B.F. Foreschke. 2011. Spatio—temporal predictive model based on environmental factors for juvenile spotted seatrout in Texas estuaries using boosted regression trees.
Fisheries Research 111:131–138. https://doi.org/10.1016/j.
fishres.2011.07.008

Kumar, S., G. Stecher, and K. Tamura. 2016. MEGA7: Molecular
evolutionary genetics analysis version 7.0 for bigger datasets.
Molecular Biology and Evolution 33:1870–1874. https://doi.
org/10.1093/molbev/msw054

Fujiwara, M., F. Martinez—Andrade, R.J.D. Wells, M. Fisher, M.
Pawluk, and M.C. Livernois. 2019. Climate—related factors
cause changes in the diversity of fish and invertebrates in subtropical coast of the Gulf of Mexico. Communications Biology 2:403. https://doi.org/10.1038/s42003—019—0650—9

Larkin, M.A., G. Blackshields, N.P. Brown, R. Chenna, P.A. McGettigan, H. McWilliam, F. Valentin, I.M. Wallace, A. Wilm,
R. Lopez, J.D. Thompson, T.J. Gibson, and D.G. Higgins.
2007. Clustal W and Clustal X version 2.0. Bioinformatics 23:2947–2948. https://doi.org/10.1093/bioinformatics/
btm404

Funk, D.J. and K.E. Omland. 2003. Species—level paraphyly and
polyphyly: Frequency, causes, and consequences, with insights from animal mitochondrial DNA. Annual Review of
Ecology, Evolution, and Systematics 34:397–423. https://doi.
org/10.1146/annurev.ecolsys.34.011802.132421

Leigh, J.W. and D. Bryant. 2015. PopArt: Full—feature software
for haplotype network construction. Methods in Ecology
and Evolution 6:1110–1116. https://doi.org/10.1111/2041—
210X.12410

Gehringer, J.W. 1959. Early development and metamorphosis
of the tenpounder, Elops saurus Linnaeus. Fisheries Bulletin
59:619–647.

Levesque, J.C. 2010. Habitat use patterns of juvenile Ladyfish
(Elops saurus) in Florida (USA) estuaries. Wildlife Biology in
Practice 6:39–56. https://doi.org/10.2461/wbp.2010.6.4

Greenwall, B., B. Boehmke., and J. Cunningham. 2020. Package
‘gbm’: generalized boosted regression models. R package version 2.1.8. https://cran.r—project.org/web/packages/gbm/
gbm.pdf

Levesque, J.C. 2011. Is today’s fisheries research driven by the
economic value of a species? A case study using an updated
review of Ladyfish (Elops saurus) biology and ecology. Reviews
in Fisheries Science 19:137–149. https://doi.org/10.1080/106
41262.2011.557450

Guimarães—Costa, A.J., F.S. Machado, R.R.S. Oliveira, V. Silva—
Costa, M.C. Andrade, T. Giarrizzo, U. Saint—Paul, I. Sampaio, and H. Schneider. 2019. Fish diversity of the largest
deltaic formation in the Americas – a description of the fish
57

Ladyfishes in Texas bays

Oele, D.L., Z.J. Lawson, and P.B. McIntyre. 2015. Precision and
bias in aging northern pike: Comparisons among four calcified structures. North American Journal of Fisheries Management 35:1177–1184. https://doi.org/10.1080/02755947.2015.
1099579

Levesque, J.C. 2013. Capture efficiency and size selectivity of
sampling gears targeting ladyfish (Elops saurus) in Florida waters (USA). Wildlife Biology in Practice 9:14–28. https://doi.
org/10.2461/wbp.2013.9.3
Levesque, J.C. 2015. Age, growth, and recruitment patterns of juvenile ladyfish (Elops sp.) from the east coast of Florida (USA).
PeerJ 3:e1392. https://dx.doi.org/10.7717%2Fpeerj.1392

Ogle, D.H. 2016. Age—length keys. In: J.M. Chambers, T.
Hothorn, D.T. Lang, and H. Wickham, eds. Introductory
Fisheries Analyses with R. CRC Press, Boca Raton, FL, USA,
p. 87–105.

Ludt, W.B. and L.A. Rocha. 2015. Shifting seas: The impacts of
Pleistocene sea—level fluctuations on the evolution of tropical
marine taxa. Journal of Biogeography 42:25–38. https://doi.
org/10.1111/jbi.12416

Ogle, D.H., P. Wheeler, and A. Dinno. 2020. FSA: Fisheries
Stock Analysis. R package version 0.8.30. https://github.com/
droglenc/FSA

Martinez—Andrade, F. 2015. Marine resource monitoring manual.
Texas Parks and Wildlife Department, Austin, TX, USA, 127
p. https://datadocs.bco—dmo.org/docs/Texas_Coastal_Fish/
data_docs/CF—Mar—Res—Mon—Ops—Manual—2015.pdf

Omland, K.E., S.M. Lanyon, and S.J. Fritz. 1999. A molecular
phylogeny of the New World orioles (Icterus): The importance
of dense taxon sampling. Molecular Phylogenetics and Evolution 12:224–239. https://doi.org/10.1006/mpev.1999.0611

McBride, R.S. 2015. Diagnosis of paired age agreement: A simulation of accuracy and precision effects. ICES J Mar Sci
72(7):2149–2167. https://doi.org/10.1093/icesjms/fsv047

Palko, B.J. 1984. An evaluation of hard parts for age determination of Pompano (Trachinotus carolinus), Ladyfish (Elops saurus), Crevalle Jack (Carnax hippos), Gulf Flounder (Paralichthys
albigutta), and Southern Flounder (Paralichthys lethostigma).
National Oceanic and Atmospheric Administration Technical Memorandum NMFS—SEFC—132. United States Department of Commerce, Panama City, FL, USA. 11 p. https://
repository.library.noaa.gov/view/noaa/5562/

McBride, R.S. and A.Z. Horodysky. 2004. Mechanisms maintaining sympatric distributions of two ladyfish (Elopidae: Elops)
morphs in the Gulf of Mexico and western North Atlantic
Ocean. Limnology and Oceanography 49:1173–1181. https://
doi.org/10.4319/lo.2004.49.4.1173
McBride, R.S., T.C. MacDonald, R.E. Matheson, Jr., D.A. Rydene,
and P.B. Hood. 2001. Nursery habitats for Ladyfish, Elops saurus, along salinity gradients in two Florida estuaries. Fisheries Bulletin 99:443–458. https://spo.nmfs.noaa.gov/content/
nursery—habitats—ladyfish—elops—saurus—along—salinity—
gradients—two—florida—estuaries

Pawluk, M., M. Fujiwara, and F. Martinez—Andrade. 2021. Climate effects on fish diversity in the subtropical bays of Texas.
Estuarine, Coastal and Shelf Science 249:107–121. https://
doi.org/10.1016/j.ecss.2020.107121
Portnoy, D.S. and J. R. Gold. 2012. Evidence of multiple vicariance in a marine suture—zone in the Gulf of Mexico. Journal of Biogeography 39:1499–1507. https://doi.org/10.1111/
j.1365—2699.2012.02699.x

McBride, R.S., C.R. Rocha, R. Ruiz—Carus, and B.W. Bowen.
2010. A new species of ladyfish, of the genus Elops (Elopiformes: Elopidae), from the western Atlantic Ocean. Zootaxa
2346:29–41. https://doi.org/10.11646/zootaxa.2346.1.3

Portnoy, D.S., A.T. Fields, J.B. Puritz, C.M. Hollenbeck, and W.F.
Patterson, III. 2021. Genomic analyses of red snapper, Lutjanus campechanus, population structure in the U.S. Atlantic
and Gulf of Mexico. ICES Journal of Marine Science 79:12–
21. https://doi.org/10.1093/icesjms/fsab239

Mobley, K.B., C.M. Small, N.K. Jue, and A.G. Jones. 2010.
Population structure of the dusky pipefish (Syngnathus floridae) from the Atlantic and Gulf of Mexico, as revealed by
mitochondrial DNA and microsatellite analysis. Journal of
Biogeography 37:1363–1377. https://doi.org/10.1111/j.1365—
2699.2010.02288.x

Pruett, C.L., E. Saillant, and J.R. Gold. 2005. Historical population demography of red snapper (Lutjanus campechanus) from
the northern Gulf of Mexico based on analysis of sequences
of mitochondrial DNA. Marine Biology 147:593–602. https://
doi.org/10.1007/s00227—005—1615—8

Montero, J.T., T.A. Chesney, J.R. Bauer, J.T. Froeschke, and J. Graham. 2016. Brown shrimp (Farfantepenaeus aztecus) density
distribution in the northern Gulf of Mexico: An approach using boosted regression trees. Fisheries Oceanography 25:337–
348. https://doi.org/10.1111/fog.12156

Purtlebaugh, C.H., C.W. Martin, and M.S. Allen. 2020. Poleward expansion of common snook Centropomus undecimalis in
the northeastern Gulf of Mexico and future research needs.
PLoS ONE 15:e0234083. https://doi.org/10.1371/journal.
pone.0234083

Nei, M. and S. Kumar. 2000. Molecular Evolution and Phylogenetics. Oxford University Press, New York, NY, USA, 333 p.
Nesslage G, A.M. Schueller, A.R. Rezek, and R.M. Mroch, III.
2022. Influence of sample size and number of age classes on
characterization of ageing error in paired—age comparisons.
Fisheries Research 249:106255. https://doi.org/10.1016/j.
fishres.2022.106255

R Development Core Team. 2019. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. https://www.R—project.org/
Ramanadevi, V. and M. Thangaraj. 2013. Comparative phylogenetic study of four genes of mitochondrial genome in tenpounder fishes (Order: Elopiformes). Notulae Scientia Biologicae 5:282–289. https://doi.org/10.15835/nsb539090

Obermiller, L.E. and E. Pfeiler. 2003. Phylogenetic relationships
of elopomorph fishes inferred from mitochondrial ribosomal DNA sequences. Molecular Phylogenetics and Evolution
26:202–214. https://doi.org/10.1016/s1055—7903(02)00327—5

Ramanadevi, V. and M. Thangaraj. 2014. Genetic diversity analy58

Williford et al.

Tolan, J.M. 2007. El Niño—southern Oscillation impacts translated to the watershed scale: Estuarine salinity patterns
along the Texas Gulf coast, 1982–2004. Estuarine, Coastal
and Shelf Science 72:247–260. https://doi.org/10.1016/j.
ecss.2006.10.018

sis of Elops machnata (Forskal) populations in south east and
west coasts of India using RAPD markers. Notulae Scientia
Biologicae 6:399–406. https://doi.org/10.15835/nsb649418
Rozas, J., A. Ferrer—Mata, J.C. Sánchez—DelBarrio, S. Guirao—
Rico, P. Librado, S.E. Ramos—Onsins, and A. Sánchez—
Garcia. 2017. DnaSP v6: DNA sequencing polymorphism
analysis of large data sets. Molecular Biology and Evolution
34:3299–3302. https://doi.org/10.1093/molbev/msx248

Tolan, J.M. and M. Fisher. 2008. Biological responses to changes in climate patterns: Population increases of gray snapper
(Lutjanus griseus) in Texas bays and estuaries. Fishery Bulletin 107:36–44. https://spo.nmfs.noaa.gov/sites/default/files/
pdf—content/2009/1071/tolan.pdf

Sagarin, R.D., J.P. Barry, S.E. Gilman, and C.H. Baxter. 1999.
Climate—related change in an intertidal community over
short and long time scales. Ecological Monographs 69:465–
490. https://doi.org/10.1890/0012—9615(1999)069[0465:CR
CIAI]2.0.CO;2

Valdez—Moreno, M., L. Vásquez—Yeomans, M. Elías—Gutiérrez,
N.V. Ivanova, and P.D.N. Herbert. 2010. Using DNA barcodes to connect adults and early life stages of marine fishes
from the Yucatan Peninsula, Mexico: Potential in fisheries
management. Marine and Freshwater Research 61:665–671.
https://doi.org/10.1071/MF09222

Seyoum, S., R.S. McBride, C. Puchutulegui, J. Dutka—Gianelli,
A.C. Alvarez, and K. Panzer. 2017. Genetic population structure of sheepshead, Archosargus probatocephalus (Sparidae), a
coastal marine fish off the southeastern United States: Multiple population clusters based on species—specific microsatellite markers. Bulletin of Marine Science 93:691–713. https://
doi.org/10.5343/bms.2016.1069

VanderKooy, S., J. Carroll, S. Elzey, J. Gilmore, and J. Kipp, eds.
2020. A Practical Handbook for Determining the Ages of
Gulf of Mexico and Atlantic Coast Fishes. 3rd ed, Publication
No.300. Gulf States Marine Fisheries Commission, Ocean
Spring, MS, USA and Atlantic States Marine Fisheries Commission, Arlington, VA, USA. 294 p. https://www.gsmfc.org/
publications/GSMFC%20Number%20300.pdf

Seyoum, S., R.S. McBride, M.D. Tringali, V.L. Villanova, C. Puchutulegui, S. Gray, and N. van Bibber. 2018. Genetic population structure of the spotted seatrout (Cynoscion nebulosus):
Simultaneous examination of the mtDNA control region
and microsatellite marker results. Bulletin of Marine Science
94:47–71. https://doi.org/10.5343/bms.2017.1060

Viricel, A. and P.E. Rosel. 2014. Hierarchical population structure and habitat differences in a highly mobile marine species: Atlantic spotted dolphin. Molecular Ecology 23:5018–
5035. https://doi.org/10.1111/mec.12923

Slatkin, M. and R.R. Hudson. 1991. Pairwise comparisons of
mitochondrial DNA sequences in stable and exponentially
growing populations. Genetics 129:555–562. https://doi.org
/10.1093%2Fgenetics%2F129.2.555

Ward, R.D., T.S. Zemlak, B.H. Innes, P.R. Last, and P.D.N. Hebert. 2005. DNA barcoding Australia’s fish species. Philosophical Transactions of the Royal Society B 360:1847–1857.
https://doi.org/10.1098/rstb.2005.1716

Smith, D.G. 1989. Order Elopiformes; families Elopidae, Megalopidae, and Albulidae: leptocephali. In: E.B. Böhlke, ed.
Fishes of the Western North Atlantic, Part 9, Volume 2. Sears
Foundation for Marine Research (Memoir No. 1), Yale University, New Haven, CT, USA, p. 961–972.

Waters, J.M., D.L. Rowe, C.P. Burridge, and G.P. Wallis. 2010.
Gene trees versus species trees: Reassessing life—history
evolution in a freshwater fish radiation. Systematic Biology
59:504–517. https://doi.org/10.1093/sysbio/syq031
Weigt, L.A., C.C. Baldwin, A. Driskell, D.G. Smith, A. Ormos,
and E.A. Reyier. 2012. Using DNA barcoding to assess Caribbean reef fish biodiversity: Expanding taxonomic and
geographic coverage. PLoS ONE 7(7):e41059. https://doi.
org/10.1371/journal.pone.0041059

Smith, D.G. and R. Crabtree. 2002. Order Elopiformes, Elopidae,
Tenpounders (ladyfishes). In: K.E. Carpenter, ed. The Living
Marine Resources of the Western Central Atlantic. Volume 2:
Bony Fishes Part 1 (Acipenseridae to Grammatidae). Food &
Agricultural Organization, Rome, Italy, p. 679–680. https://
www.fao.org/documents/card/en/c/eb133bb9—b358—5887—
b82f—23c9f8ee94fd

Wickam, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer—Verlag, New York, NY, USA, 213 p.

Song, C.B., T.J. Near, and L.M. Page. 1998. Phylogenetic relations
among percid fishes as inferred from cytochrome b DNA sequence data. Molecular Phylogenetics and Evolution 10:343–
353. https://doi.org/10.1006/mpev.1998.0542

Wickham, H. 2020. tidyr: Tidy messy data. R package version
1.1.2. https://CRAN.R—project.org/package=tidyr
Wickham, H, R. François, L. Henry, and K. Müller. 2020. dplyr:
a grammar of data manipulation. R package version 1.0.0.
https://CRAN.R—project.org/package=dplyr

Taberlet, P., A. Myer, and J. Bouvet. 1992. Unusually large mitochondrial variation in populations of the blue tit, Parus caeruleus. Molecular Ecology 1:27–36. https://doi.org/10.1111/
j.1365—294x.1992.tb00152.x

Williford, D., J. Anderson, W. Karel, and Z. Olsen. 2021. Phylogeography, population structure, and historical demography of black drum in North America. North American
Journal of Fisheries Management 41:1020–1039. https://doi.
org/10.1002/nafm.10608

Tierney, J.E., J. Zhu, J. King, S.B. Malevich, G.J. Hakim, and C.J.
Poulsen. 2020. Glacial cooling and climate sensitivity revisited. Nature 584:569–573. https://www.nature.com/articles/
s41586—020—2617—x

59

